. Cardiopulmonary baroreceptor control of muscle sympathetic nerve activity in heat-stressed humans. Am. J. Physiol. 277 (Heart Circ. Physiol. 46): H2348-H2352, 1999.-Whole body heating decreases central venous pressure (CVP) while increasing muscle sympathetic nerve activity (MSNA). In normothermia, similar decreases in CVP elevate MSNA, presumably via cardiopulmonary baroreceptor unloading. The purpose of this project was to identify whether increases in MSNA during whole body heating could be attributed to cardiopulmonary baroreceptor unloading coincident with the thermal challenge. Seven subjects were exposed to whole body heating while sublingual temperature, skin blood flow, heart rate, arterial blood pressure, and MSNA were monitored. During the heat stress, 15 ml/kg warmed saline was infused intravenously over 7-10 min to increase CVP and load the cardiopulmonary baroreceptors. We reported previously that this amount of saline was sufficient to return CVP to pre-heat stress levels. Whole body heating increased MSNA from 25 Ϯ 3 to 39 Ϯ 3 bursts/min (P Ͻ 0.05). Central blood volume expansion via rapid saline infusion did not significantly decrease MSNA (44 Ϯ 4 bursts/min, P Ͼ 0.05 relative to heat stress period) and did not alter mean arterial blood pressure (MAP) or pulse pressure. To identify whether arterial baroreceptor loading decreases MSNA during heat stress, in a separate protocol MAP was elevated via steady-state infusion of phenylephrine during whole body heating. Increasing MAP from 82 Ϯ 3 to 93 Ϯ 4 mmHg (P Ͻ 0.05) caused MSNA to decrease from 36 Ϯ 3 to 15 Ϯ 4 bursts/min (P Ͻ 0.05). These data suggest that cardiopulmonary baroreceptor unloading during passive heating is not the primary mechanism resulting in elevations in MSNA. Moreover, arterial baroreceptors remain capable of modulating MSNA during heat stress. whole body heating; sinoaortic baroreceptors; baroreflex; sympathetic nervous system; hyperthermia.
IN HUMANS, elevated internal temperature causes a substantial increase in skin blood flow secondary to increases in cutaneous vascular conductance, increases in cardiac output, and decreases in splanchnic, renal, and muscle vascular conductances (4, 9, 13) . These hemodynamic changes are consistent with changes in sympathetic nerve activity measured during heating in both humans and rats (6, 11) . For example, Niimi et al. (11) showed that muscle sympathetic nerve activity (MSNA) in humans is elevated during minimal whole body heating (ϳ0.2°C increase in tympanic temperature). Kenney et al. (6) showed that increasing core temperature in rats from 39.0°C to 41.0°C causes significant increases in renal, lumbar, and splanchnic sympathetic nerve discharge.
Mechanisms leading to increases in sympathetic nerve activity and accompanying decreases in regional vascular conductance during heating remain unclear. The aforementioned hemodynamic adjustments during whole body heating in humans, coupled with relaxation of the cutaneous veins, result in central venous pressure (CVP) decreasing 2-6 mmHg and mean arterial pressure (MAP) decreasing 5-10 mmHg (1, 14) . In normothermia, reductions in CVP and MAP of this magnitude increase MSNA by unloading cardiopulmonary and sinoaortic baroreceptors, respectively (3, 16, 19) . To identify whether sinoaortic baroreceptor unloading during whole body heating contributed to the decrease in splanchnic blood flow, Rowell et al. (15) measured splanchnic vascular resistance and blood flow during heating with and without leg elevation followed by thigh occlusion. They found that even though leg elevation followed by 6-10 min of occlusion returned MAP to pre-heat stress levels, splanchnic vascular resistance remained elevated and splanchnic blood flow remained reduced. As a result of these findings, Rowell et al. (15) concluded that the mechanism causing the elevation in splanchnic vascular resistance during whole body heating was not caused by sinoaortic baroreceptor unloading accompanying the heat stress. Thus it is unlikely that the elevation in sympathetic activity during a heat stress is caused by sinoaortic baroreceptor unloading.
In light of the fact that in normothermia unloading cardiopulmonary baroreceptors increase MSNA (3, 16) and of data showing that CVP decreases during a heat stress (1, 9, 14) , it may be that the elevation in MSNA during a heat stress is caused by cardiopulmonary baroreceptor unloading associated with the heat stress. Therefore, the purpose of this study was to test the hypothesis that decrease in CVP, and accompanying cardiopulmonary baroreceptor unloading, is the primary mechanism leading to increases in MSNA during whole body heating in humans.
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METHODS

Subjects.
For protocol 1, seven subjects (4 female, 3 male) participated in the study. Five subjects participated in protocol 2 (2 female, 3 male). The subjects' average age was 30 Ϯ 3 yr, and all were of normal height (169 Ϯ 4 cm), weight (67 Ϯ 4 kg), and health. A written informed consent from each subject was obtained before participation in these institutionally approved studies.
Instrumentation. For both protocols, the subject was instrumented for the measurement of sublingual temperature (T sl ) with a thermocouple and mean skin temperature (T sk ) from the electrical average of six thermocouples placed on the skin. The subject was then dressed in a tube-lined suit that permitted control of T sk by changing the temperature of the water perfusing the suit. Arterial blood pressure was obtained by auscultation. MAP was calculated as diastolic blood pressure plus one-third pulse pressure. Heart rate (HR) was obtained from the electrocardiogram signal interfaced with a cardiotachometer (CWE, Ardmore, PA). Forearm skin blood flow was indexed by laser-Doppler flowmetry (Perimed, North Royalton, OH). Postganglionic MSNA was recorded from the peroneal nerve. This was accomplished by inserting a tungsten microelectrode with an uninsulated tapered tip of 1-5 µm (FHC, Bowdoinham, ME) into the peroneal nerve below the fibular head. A second uninsulated reference electrode was positioned within 3 cm of the recording electrode. A muscle fascicle was identified by observing muscle twitches during intraneural stimulation (0.3-1 V, 1 Hz). The signal was amplified ϫ1,000 and passed through a band-pass filter (700-2,000 Hz) having a gain of 60-90 (Iowa Bioengineering, Iowa City, IA). The filtered neurogram was rectified and integrated (0.1-s time constant) and displayed on an oscilloscope with the electrocardiogram. This signal was also routed to an audio amplifier. Minor adjustments were made to the microelectrode until an acceptable MSNA signal was obtained. Verification of MSNA relative to skin sympathetic nerve activity was performed as previously reported (18) . After an acceptable MSNA signal was obtained, a venous catheter was placed in an antecubital vein.
Experimental protocol 1. With the subject in the supine position, neutral (ϳ34°C) water was perfused through the tube-lined suit. After ϳ10 min, baseline data were collected. After this baseline period, T sk was increased to 38.4°C by perfusing the tube-lined suit with warm (46°C) water. After T sl increased ϳ0.6-1°C, 15 ml/kg warmed (37°C) isotonic saline was rapidly administered (7-10 min in duration) through the catheter placed in an antecubital vein. We previously showed that administration of 15 ml/kg saline over this period of time was sufficient to return CVP to pre-heat stress pressures (1) . After the infusion, T sk was returned to pre-heat stress levels by perfusing the suit with cool water.
Experimental protocol 2. This protocol was performed to identify whether MSNA can be regulated by sinoaortic baroreceptor loading in heat-stressed humans. This protocol was identical to that previously outlined; however, rather than administering 15 ml/kg warm saline, we administered phenylephrine (60-120 µg/min) intravenously to increase MAP by 10-15 mmHg.
Data collection and statistics. Data were sampled at 200 Hz through a data acquisition system (Biopac Systems, Santa Barbara, CA) and reduced to the following 3-min periods: immediately before whole body heating (pre-heat stress), immediately before saline infusion or phenylephrine administration (heat stress), and the last 3 min of saline infusion or phenylephrine administration. Because MSNA bursts are coupled with the cardiac cycle and whole body heating causes HR to increase, burst frequency was analyzed as both bursts per minute and bursts per 100 heartbeats. All data were statistically analyzed using one-way repeated-measures analysis of variance followed by a Student-Newman-Keuls multiplecomparison test when significant main factor differences were identified. Data for both protocols are expressed as means Ϯ SE. The level of statistical significance was set at P ϭ 0.05.
RESULTS
Protocol 1.
Increasing T sk to 38.4°C resulted in significant increases in T sl , HR, and skin blood flow (Table 1) MAP tended to decrease but was not significantly affected by the heat stress. Although not recorded in the present experiment, we recently reported (1) that this degree and duration of whole body heating significantly decreased CVP from 7.7 Ϯ 0.6 to 4.9 Ϯ 0.5 mmHg. Consistent with the findings of Niimi et al. (11) , whole body heating increased MSNA (Tables 1 and 2 and Fig. 1 ). Rapid infusion of 15 ml/kg saline did not significantly change T sl , MAP, pulse pressure, or MSNA during the heat stress period. However, as previously reported (1), skin blood flow and HR were significantly elevated by the saline infusion (see Table 1 ). There was a slight tendency, although not significant, for MSNA to decrease when expressed as bursts per 100 heartbeats during the saline infusion. This was not attributed to decreased MSNA activity, because MSNA expressed as bursts per minute remained elevated (see Fig. 2 ). Rather, this tendency for a decrease in MSNA expressed as bursts per 100 heartbeats was caused by a significant elevation in HR by the saline infusion without a proportional increase in MSNA burst frequency.
Protocol 2. Temperature, hemodynamic, and MSNA responses were similar during passive heating relative to the responses observed in protocol 1 (see Table 2 ). Administration of phenylephrine significantly elevated MAP (82 Ϯ 3 to 93 Ϯ 4 mmHg; P Ͻ 0.05), systolic blood pressure (123 Ϯ 6 to 140 Ϯ 8 mmHg; P Ͻ 0.05), diastolic blood pressure (61 Ϯ 2 to 69 Ϯ 3 mmHg; P Ͻ 0.05) and pulse pressure (62 Ϯ 5 mmHg to 71 Ϯ 6 mmHg; P Ͻ 0.05), thereby causing a baroreflex-mediated decrease in MSNA expressed as bursts per minute (36 Ϯ 3 to 15 Ϯ 4; P Ͻ 0.05) or bursts per 100 heartbeats (45 Ϯ 3 to 20 Ϯ 5, P Ͻ 0.05; see Fig. 3 ).
DISCUSSION
The primary finding of this study was that the elevation in MSNA during passive heating in humans cannot be reversed by expanding central blood volume and loading cardiopulmonary baroreceptors via rapid saline infusion. This conclusion was based on the observation that rapid infusion of 15 ml/kg warm saline during whole body heating did not significantly change MSNA relative to the period immediately before saline infusion. These data suggest that the elevation in MSNA during heat stress was not caused by cardiopulmonary baroreceptor unloading coincident with the thermal challenge. Moreover, loading the sinoaortic baroreceptors via phenylephrine administration during passive heating significantly reduced MSNA, Fig. 2 . Average MSNA responses to heat stress and heat stress ϩ administration of 15 ml/kg warmed saline when expressed as bursts per minute (A) and bursts per 100 heartbeats (B). Heat stress significantly elevated MSNA above pre-heat stress levels. MSNA remained significantly elevated during central blood volume expansion. In both A and B, MSNA during saline infusion stage was not significantly different from that in heat stress state. * Significantly different from pre-heat stress stage (P Ͻ 0.05). Fig. 1 . Effects of heat stress and heat stress ϩ rapid infusion of 15 ml/kg warmed saline on muscle sympathetic nerve activity (MSNA) for 1 individual. Whole body heating substantially increased MSNA, whereas the administration of saline did not return MSNA to pre-heat stress levels. Original data were sampled at a rate of 200 Hz. For display purposes, data illustrated were resampled at 20 Hz. Vertical scale is the same for each stage.
thereby demonstrating that at least the sinoaortic baroreceptors remain capable of modulating MSNA in this environment.
In normothermia, loading cardiopulmonary baroreceptors via rapid saline infusion (12) , water immersion (8), lower-body positive pressure (2), or head-down tilt (10) decreases MSNA, whereas unloading these baroreceptors increases MSNA (3, 16) . These findings suggest that the operating point of the cardiopulmonary-MSNA baroreflex curve in normothermia is located somewhere between threshold and saturation. We (1) and others (9, 14) reported that CVP decreases and MSNA increases during whole body heating. If the baroreflex curve depicting cardiopulmonary baroreceptor control of MSNA is not altered by the thermal challenge, i.e., solely a shift in operating point by the heat stress, returning CVP to pre-heat stress levels would cause a baroreflex-mediated decrease in MSNA. However, in the present study, loading cardiopulmonary baroreceptors with rapid saline infusion during the heat stress did not change MSNA. Given this finding, it is possible that either the cardiopulmonary baroreceptors do not modulate MSNA during a heat stress or the cardiopulmonary baroreceptor-MSNA stimulus-response relationship has been dramatically shifted by whole body heating.
To investigate whether arterial baroreceptor modulation of MSNA remains intact during a heat stress, in a separate protocol MAP was elevated via steady-state phenylephrine infusion after heat stress-induced elevations in MSNA were observed. Elevating MAP 10-15 mmHg during the heat stress reduced MSNA to levels less than those observed before the heat stress (Fig. 2 ). This finding clearly shows that arterial baroreceptor suppression of MSNA remains intact during the heat stress. Nevertheless, these data do not exclude the possibility of an uncoupling of cardiopulmonary baroreceptor control of MSNA during whole body heating.
It is conceivable that the elevation in MSNA during whole body heating is not a baroreflex-mediated response. In support of this hypothesis is the observation that increases in splanchnic sympathetic nerve activity in hyperthermic rats were similar in baroreceptorinnervated and -denervated conditions (6) . Moreover, Rowell et al. (15) showed that returning arterial blood pressure during whole body heating to pre-heat stress pressures via leg elevation followed by supersystolic leg occlusion did not reverse heat-induced elevations in splanchnic vascular resistance.
The observation that phenylephrine-induced elevations in MAP during whole body heating decreased MSNA is insufficient evidence to conclude that the elevations in MSNA in this environment were caused by a reduction in MAP observed during the heat stress. Rather, these data show that sinoaortic baroreceptors are still capable of modulating MSNA during whole body heating. Taken together, these findings suggest that elevations in MSNA during heat stress may occur through central activation of the sympathetic nervous system and are likely independent of heat stressinduced baroreceptor unloading. Nevertheless, we cannot exclude the possibility that some of the increases in MSNA during the heat stress were caused by sinoaortic baroreceptor unloading.
Potential limitations of interpretation of results. CVP decreases during passive heating in humans (1, 9, 14) . Given our previous finding that administration of 15 ml/kg saline during the heat stress returned CVP to pre-heat stress pressures (1), we felt it unnecessary to have the subjects undergo this invasive procedure in the present experiment. Thus we cannot state conclusively that CVP was returned to pre-heat stress levels by saline infusion. Nevertheless, the similarity of increases in skin blood flow and HR during saline infusion between the present study and our prior study (1) , in which CVP was directly measured, support our contention that rapid saline infusion in the present study loaded cardiopulmonary baroreceptors and that this degree of loading was insufficient to decrease MSNA.
Saline infusion during passive heating did not change pulse pressure or MAP. Thus we concluded that this perturbation primarily loaded cardiopulmonary baroreceptors. However, recent studies demonstrate that low levels of lower-body negative pressure, which previously were thought to unload only the cardiopulmonary baroreceptors (5), may also unload sinoaortic baroreceptors (7, 17) . Little is known regarding the effects of rapid central blood volume expansion on sinoaortic baroreceptor tension. Thus the possibility cannot be excluded that some degree of sinoaortic baroreceptor loading occurred during saline infusion despite a lack of change in MAP or arterial pulse pressure. However, if Fig. 3 . Average MSNA responses to whole body heating as well as whole body heating ϩ phenylephrine (PE) infusion. Heat stress significantly elevated MSNA relative to pre-heat stress values when expressed as bursts per minute (A) or bursts per 100 heartbeats (B). However, elevating arterial blood pressure via 60-120 µg/min PE administration during heat stress decreased MSNA to levels below both pre-heat stress and heat stress stages. * Significantly different from pre-heat stress stage; # significantly different from heat stress stage (both P Ͻ 0.05).
this occurred, the magnitude of sinoaortic baroreceptor loading was insufficient to decrease MSNA.
In normothermia, phenylephrine administration not only increases MAP but also increases CVP. Although it is not confirmed in the present experiment, one may speculate that phenylephrine administration during whole body heating likewise increased CVP and thus cardiopulmonary baroreceptor loading in this environment. However, given that loading cardiopulmonary baroreceptors with saline infusion during heat stress did not change MSNA, the reduction in MSNA during phenylephrine-induced elevations in blood pressure was likely caused by sinoaortic baroreceptor loading.
In conclusion, whole body heating in humans decreases CVP, and presumably cardiopulmonary baroreceptor loading, while at the same time increasing MSNA. The intent of this study was to identify whether this elevation in MSNA was caused by unloading of cardiopulmonary baroreceptors. During the heat stress, cardiopulmonary baroreceptor loading via rapid infusion of warm saline did not affect MSNA. Thus it is unlikely that cardiopulmonary baroreceptor unloading coincident with heat stress is the mechanism leading to elevations in MSNA. In contrast to loading cardiopulmonary baroreceptors, loading sinoaortic baroreceptors during heat stress via steady-state infusion of phenylephrine significantly reduced MSNA to levels below those observed in normothermic and heat stress-alone conditions. It remains unknown whether cardiopulmonary baroreceptor modulation of MSNA is uncoupled by the heat stress or whether the cardiopulmonary baroreceptor-MSNA stimulus-response relationship is altered during whole body heating.
